Aims Spring ephemerals have a specific life-history trait, i.e. shoot growth and sexual reproduction occur simultaneously during a short period from snowmelt to canopy closure in deciduous forests. The aim of this study is to clarify how spring ephemerals invest resources for seed production within a restricted period. † Methods In order to evaluate the cost of reproduction of a typical spring ephemeral species, Adonis ramosa, an experiment was conducted comprising defoliation treatments (intact, one-third and two-thirds leaf-cutting) and fruit manipulations (control, shading and removal) over two growing seasons. In addition, measurements were made of the movements of carbon assimilated via 13 C tracing. † Key Results Survival rate was high irrespective of treatments and manipulations. The proportion of flowering plants and plant size decreased as a result of the defoliation treatments over 2 years, but the fruit manipulations did not affect flowering activity or plant size. Seed set and seed number decreased as a result of fruit shading treatment, but the defoliation treatments did not affect current seed production. Individual seed weight also decreased in the second year due to fruit shading. The 13 C tracing experiment revealed that young fruits had photosynthetic ability and current photosynthetic products from leaves were mainly transferred to the below-ground parts, while translocation to fruit was very small even when fruit photosynthesis was restricted by the shading treatment. † Conclusions Current foliage photosynthetic products are largely stored in the below-ground parts for survival and future growth, and about one-third of the resources for seed production may be attained by fruit photosynthesis. Therefore, the trade-off between current seed production and subsequent growth is weak. The cost of seed production may be buffered by sufficient storage in the below-ground organs, effective photosynthesis under high irradiation and self-assimilation ability of fruits.
INTRODUCTION
The cost of reproduction is expressed as trade-offs between present reproduction and future survival, growth and reproduction (Reznick, 1985; Stearns, 1992) . Many studies have detected evidence of the cost for plant reproduction, but an almost equal number of studies have reported no evidence of trade-offs between current reproduction and future reproduction and/or performance (reviewed in Obeso, 2002) . The lack of cost detection is usually because of: (1) potentially low or restricted resource investment in reproduction (Jennersten, 1991; Hemborg and Karlsson, 1998) ; (2) possession of a large resource budget relative to the expense for single reproduction (Primack and Hall, 1990; Ehrlén and van Groenendael, 2001) ; (3) formation of physiologically integrated modular structures (Sprugel et al., 1991; Obeso, 1998) ; (4) compensative acceleration of photosynthetic abilities during reproduction (Herold, 1980; Lehtilä and Syrjänen, 1995) ; and/or (5) photosynthetic function of reproductive organs (Bazzaz et al., 1979; Jurik, 1985; Antlfinger and Wendel, 1997; Guido and Hardy, 2003) . Decrease in the cost of reproduction by these mechanisms may make it difficult to detect the trade-offs between current reproduction and future reproduction or performance with short-term experiments on reproductive output and/or resource budget manipulations (Primack and Hall, 1990; Primack and Stacy, 1998; Ehrlén and van Groenendael, 2001 ).
The effects of flower removal, hand-pollination, shading and defoliation on current and future reproduction have been shown to vary greatly depending on species or timing of manipulations in previous studies (reviewed in Obeso, 2002) . This is because the resource budget for current reproduction differs among species and/or changes seasonally even in a single species. In comparisons of defoliation effects on reproductive output (Obeso, 1993) , most woody species tended to decrease seed production, but 44 % of herbaceous species did not change seed production after defoliation. However, some woody species did not use current photosynthetic products by the leaves but used storage resources in reproductive stems (Obeso and Grubb, 1993; Miyazaki et al., 2002) . In some plants, current photosynthetic products early in the season (flowering stage) are used for seed production, whereas those late in the season (fruiting stage) are used for storage, i.e. for growth and flower production in the next season (Marquis, 1992; Garcia and Ehrlén, 2002) . Therefore, clarification of source -sink relationships based on the life cycle of individual species is very important to understand the cost of reproduction (Obeso and Grubb, 1994) .
Spring ephemerals growing under deciduous forests have characteristic life cycles, with emerging and blooming in early spring, setting fruits within a short period, and with above-ground parts commonly dying back before or soon after canopy closure (Muller, 1978; Schemske et al., 1978; Kawano, 1985; Motten, 1986) . They usually have high photosynthetic abilities and can assimilate effectively during a short photosynthetic season (Taylor and Pearcy, 1976) . Because the reproductive period and whole growing season of spring ephemerals are largely overlapping, allocation patterns of photosynthetic products between current reproduction and storage for next season should be a crucial life-history strategy (Lubbers and Lechowicz, 1989; McKenna and Houle, 2000) . For example, Lubbers and Lechowicz (1989) detected that there is a trade-off between storage and current reproduction in a perennial spring ephemeral, Trillium grandiflorum, in which resource allocation to current reproduction has priority over survival and future reproduction. They speculated that this might reflect the selective effects of unpredictable pollination success given that seed production of T. grandiflorum was pollen-limited. However, because storage function and pollination situation vary greatly among spring ephemerals (Kawano, 1985; Motten, 1986; Kudo et al., 2004) , trade-off relationships between current reproduction and future performance should vary depending on the life-history traits of individual species.
In the present study, the cost of reproduction and the origin of resources for seed production were surveyed in a typical spring ephemeral, Adonis ramosa, growing under deciduous forests in northern Japan. Despite very early flowering under cool conditions (early April in the test sites), this species shows a stable high fruit production from year to year (Kudo et al., 2004) . The aim was to clarify how this species gains and invests resources for seed production within a short growing season. Because flowering occurs prior to leaf emergence, flower production must be supported by storage resources. Leaf deployment is completed late in the flowering season, and above-ground parts die back by canopy closure at the time of seed dispersal. The question of interest was where do the resources for seed production come from? There are three possible carbon sources for seed production: below-ground storage (roots and rhizomes), current foliage photosynthetic products, and photosynthetic products from the plant's own fruits. An experiment was conducted comprising of defoliation and fruit manipulations (control, shading and removal) to clarify the major source for reproduction. (1) If storage resources are a major source, a reduction of current photosynthetic products via defoliation should decrease flower and fruit production in the subsequent year. By contrast, flower removal may increase growth and/or reproductive activity in the subsequent year, if fruit production is costly. (2) If current foliage assimilation supports fruit production, defoliation should decrease the seed production in the current year. In addition, flower removal may increase the growth and/or reproductive activity in the subsequent year because extra resources are allocated to storage organs without fruits. (3) If fruit development is supported by its own assimilation, fruit shading should decrease seed production. Furthermore, flower removal may not influence subsequent growth and/or reproductive activity because the cost of seed production is self-supported. In addition to these experimental approaches, carbon movement within plants was directly traced using a stable isotope of carbon, 13 C.
MATERIAL AND METHODS

Plant material
Adonis ramosa (Ranunculaceae) is one of the earliest blooming spring ephemerals growing under deciduous forests of central to northern Japan. Flowering in Hokkaido usually occurs within 1 -3 d after snowmelt around early to mid-April. Usually, only one flower, which is gold-coloured and parabolic in shape, is produced per stem. Leaf emergence starts during the flowering season, fruits mature during late May to early June, and above-ground parts senesce by mid-June. Thus, the vegetative growth and reproductive seasons greatly overlap. Seed set of A. ramosa is consistently high over years, as determined previously (Kudo et al., 2004) , probably because of self-compatibility and effective pollinator attraction by heliotropic flower movements (Kudo, 1995) .
Research site
This study was mainly conducted in a deciduous forest of the Tomakomai Experimental Forest of Hokkaido University (TOEF; 42840 0 N, 141836 0 E) in Hokkaido, northern Japan. Mean monthly temperature ranges from -3 . 2 to 19 . 1 8C, and annual precipitation is 1200 mm. Snow usually covers the ground from early December to early April. Leaf emergence of the canopy trees starts in mid-May and canopy closure is completed by mid-June. The 13 C tracing experiment was conducted in another deciduous forest in Ebetsu (43825 0 N, 141832 0 E) in which timing of snowmelt and flowering phenology are similar to those at TOEF.
Defoliation and fruit manipulation experiment
In spring 2003, soon after snowmelt, 135 plants with flowering buds were arbitrarily selected and tagged with numbered sticks within a population at TOEF. These plants were divided into nine groups of 15 plants. Then, combinations of three defoliation treatments (intact, one-third leaf-cutting, two-thirds leaf-cutting) and three fruit manipulations (control, removal, shading) were allocated, i.e. 3 Â 3 treatments. Leaf cutting involved the removal of one-or two-thirds in area of the distal part for all leaves within a plant soon after leaf expansion during the flowering season. Fruit removal was accomplished by removal of flowers during the flowering season; hence, the cost of fruit and seed production was removed. The fruit shading treatment involved bagging of young fruits soon after flowering with waterproof paper bags that cut off .99 % of the light, by which photosynthetic assimilation by fruits was inhibited. 
C tracing experiment
Two 13 C tracing experiments were conducted in May 2003. In the first, the assimilative ability of young fruits was assessed via 13 CO 2 exposure to fruits under natural light and shaded conditions. Early in the fruiting season, 20 plants with young fruits were selected, and they were divided into light-intact (eight plants) and shading groups (12 plants). A fruit was enclosed in a transparent plastic bag with two Eppendorf tubes, which contained 0 . 1 g Ba 13 CO 3 ( 13 C ¼ 99 . 7 at.%; Syoko-Tsusyou Inc., Tokyo, Japan) and two plastic tubes filled with 5 mL lactic acid, and sealed with adhesive tape.
13
CO 2 was generated by reacting BaCO 3 with lactic acid within the bag. CO 2 exposure was conducted for 2 d, from 0600 to 1700 h of the next day, and the CO 2 generation was carried out twice, at 0600 h on each day. After 35 h of exposure, the above-ground part was removed, and fruit, stem and leaves were sampled separately. For below-ground parts (rhizome and roots), sampling was only from three plants in each group to conserve the population. These samples were immediately brought to the laboratory in an insulated box filled with ice, and kept in a freezer at below -30 8C. They were freeze-dried (Flexi-Dry FD-1-54A; FTS Systems Inc., Stone Ridge, NY, USA) and ground to a fine homogeneous powder in the laboratory using liquid nitrogen and mortar.
In the second experiment, assessment was made to determine whether carbon assimilation by leaves supports fruit development under light-intact and fruit-shading conditions. The experimental design was identical to the first experiment but 13 CO 2 exposure was performed for leaves, and 12 plants for the light-intact and eight plants for the fruit-shading group were used.
To assess the initial amount of 13 C in the plant parts, ten plants from the same population were sampled but these were at least 5 m apart from the 13 CO 2 exposed plants as unlabelled controls. They were cut off and the aboveground parts were treated in the same way as for exposed samples.
The abundance of 13 C was analysed using a Finnigan MAT 252 isotope ratio mass spectrometer (Finnigan MAT GmbH, Bremen, Germany).
Statistical analyses
Survival of plants in the second (2004) and third (2005) year was analysed by a logistic regression, separately, in which fruit manipulation (control, shading and removal), defoliation (intact, one-third and two-thirds cutting), stem diameter in the previous year (to evaluate the size effect) and seed production in the previous year (to evaluate reproductive cost) were dependent variables. Flowering occurrence in the second (2004) and third (2005) year was also analysed by a logistic regression of the same model.
Changes in stem diameter after 1 year (DD 03 -04 ) and 2 years (DD 03 -05 ), as a measure of plant growth, were compared by two-way ANOVA in which the effects of fruit manipulation and defoliation were considered, followed by the Tukey -Kramer post-hoc test.
For the analyses of seed set and seed number per plant, the generalized linear model (GLM) was used for each year (2003 and 2004) and considered a logit function and a binomial error distribution for seed set, and a logarithmic link function and a Poisson error distribution for seed number, as data distributions obviously deviated from a normal distribution even after any data transformation. In GLMs, fruit manipulation (control and shading), defoliation (intact, one-third and two-thirds cutting) and stem diameter in the current year (i.e. plant size) were considered as independent variables. For the defoliation treatments, value of 1 . 0 was assigned for intact, 0 . 67 for one-third cutting and 0 . 33 for two-thirds cutting for GLM analyses.
Mean seed weight per fruit was compared by repeatedmeasures two-way ANOVA in which fruit manipulation and defoliation were considered as independent variables and year (2003 and 2004) was a repeated variable.
The relative abundance of 13 C in plant organs (fruit, stem, leaf, below-ground parts) was indicated by the index at.%. At.% of 13 C was calculated as follows (Hasegawa et al., 2003) : At.% ¼ amount of 13 C/(amount of 12 C þ amount of 13 C) Â 100. The carbon increment, C inc , in each organ was calculated as C inc ¼ (A label -A cont )/ 100 Â W Â C perc , where A label is 13 C at.% of the focal organ of 13 C-labelled samples, A cont is 13 C at.% of the unlabelled control, W is the dry weight of the focal organ and C perc is carbon concentration. In some cases, acquired C inc showed negative values because of measurement errors of the mass spectrometer. When C inc was less than zero, it was assumed to be zero. The difference of transported carbon between the light-intact and fruit-shading group was analysed by Mann -Whitney U-test for each organ.
RESULTS
Shoot survival and flowering activity
Most plants survived to the second (87-100 %) and third (73 -100 %) year of the experiment (Table 1) . Results of logistic regression revealed that none of the fruit manipulations, defoliations, plant size or seed production in the previous year influenced survival (P . 
Vegetative growth
There was no significant difference in the changes in basal stem diameter from 2003 to 2004 (DD 03 -04 ) both in the fruit manipulation (F 2,119 ¼ 0 . 665, P ¼ 0 . 52, ANOVA) and the defoliation treatment (F 2,119 ¼ 0 . 751, P ¼ 0 . 47). By the second year, however, the changes in basal stem diameter (DD 03 -05 ) were significantly different among the defoliation treatments (F 2,108 ¼ 7 . 27, P ¼ 0 . 0011); a significant difference was detected between intact and two-thirds cutting (P , 0 . 05, Tukey -Kramer post-hoc test), while the effect of the fruit manipulation was not significant (F 2,108 ¼ 1 . 79, P ¼ 0 . 17; Fig. 1 ).
These results indicate that intensive defoliation decreases plant growth at least after a 1-year interval but that seed production does not influence subsequent growth. Fig. 2A) . GLM results revealed that seed set in 2003 decreased with fruit shading treatment and increased with plant size (stem diameter), but was not influenced by defoliation treatment (Table 2) . Similar results were obtained also in 2004, but defoliation was positively related to seed set in that year (Table 2 ). This might have been caused by an external accident: fruits of two intact plants were eaten by rodents before maturation and this resulted in low seed production in the intact plants. When those damaged plants were removed from the analysis, no defoliation effect was detected for seed set.
The pattern of seed production, i.e. number of seeds per plant, was almost the same as for seed set (Fig. 2B) : seed production increased with plant size, decreased as a result of fruit shading, but was not influenced by defoliation effects in either year (Table 3) . When only leaf-intact (no cutting) plants were compared, seed production was decreased by 23 . 7 % in 2003 and by 38 . 8 % in 2004 as a result of fruit shading.
Individual seed weight did not differ between control and fruit shading (F 1,46 ¼ 0 . 017, P ¼ 0 . 89) nor among the defoliation treatments (F 2,46 ¼ 0 . 064, P ¼ 0 . 94); however, it was lower in 2004 than in 2003 (F 1,46 ¼ 13 . 59, P ¼ 0 . 0006) and a significant interaction was detected between year and fruit manipulation (F 1,46 ¼ 5 . 15, P ¼ 0 . 028, repeated-measures two-way ANOVA). This is because the fruit-shading treatment decreased seed weight in the second year of the experiment (Fig. 2C) . Results of the 13 C tracing experiment are shown in Table 4 . When fruits were exposed to 13 CO 2 , 0 . 669 mg 13 C was assimilated in total under natural light conditions, 66 % of which remained in the fruits, 27 % in stems and ,5 % in other organs. This means that young fruits can assimilate by themselves. By contrast, only 0 . 338 mg 13 C was assimilated under fruit shading and more than 50 % of that remained in stems. Because the same amount of 13 C in stems was detected in both light-intact and shading plants (0 . 179 mg), 13 C in the stem seemed to be assimilated from its own photosynthesis. When fruits were exposed to 13 CO 2 , some parts of the peduncles were also exposed. Thus, photosynthesis of the peduncle might cause high 13 C concentration in stems. Under dark conditions, the amount of 13 C assimilated by fruits decreased to 17 % of that under natural light conditions. When leaves were exposed to 13 CO 2 , 12 . 04 and 11 . 42 mg 13 C were assimilated in total per plant in light-intact plants and fruit-shading plants, respectively. There was no significant difference in 13 C distributions between the treatments (P . 0 . 10). About 66-68 % of 13 C remained in the leaves, 21-25 % was transported to the below-ground parts, 9 -11 % to stems and only 0 . 6-0 . 8 % to fruits. These results indicate that photosynthetic production by leaves is not used for current fruit production even when photosynthesis of fruits is restricted.
DISCUSSION
The present experiments have revealed that photosynthetic assimilation by fruits partly supported seed production of A. ramosa, and the contribution of current foliage assimilation to seeds was small. Current photosynthetic products are largely stored in the below-ground parts, which are used for future growth and flower production. Because extensive defoliation treatment (two-thirds cutting) over two seasons did not influence survival, this suggests that resources for several years may be stored in the belowground parts. Because below-ground parts occupy about 85 % of total biomass at the flowering season (G. Kudo, unpubl. data) , this species seems to have a typical polycarpic perennial life cycle of forest plants that shows a stable growth pattern as a result of the developed storage organs (Struik, 1965; Kawano, 1985) .
Repeated defoliation (two-thirds cutting) significantly reduced flowering activity and plant size. Initial estimated biomass (2003) (Snow and Whigham, 1989; Schmid et al., 1995) . Therefore, there is a 2-year time lag for the responses of growth and flowering activity to the restriction of current assimilation in this species. Such delayed responses of reproductive performance to a reduction of resource storage may be common in herbaceous plants with developed storage organs (Primack and Hall, 1990; Ehrlén and van Groenendael, 2001 ). Seed production was influenced by plant size and fruit shading. The significant reduction in seed number per plant by fruit shading (23 . 7 % in 2003 and 38 . 8 % in 2004) indicates that about one-third of total resource investment in seed production is supported by fruit photosynthesis, and the remaining two-thirds is largely from the below-ground storage. Because neither seed production in the previous season nor flower-removal manipulation influenced subsequent plant size, the cost of seed production may be small in this species. However, individual seed weight significantly decreased after repeated fruit shading (Fig. 2C ). This suggests that resource investment in seed production from the storage organ was decreased when fruit photosynthesis was continuously restricted over several years, probably because extra resources (originating from storage organs) were used for fruit development in the previous season. Thus, photosynthesis by fruits acts as a buffer for stable seed production in this species.
Continuous flower production from year to year may be costly in this species. Only 60 % of plants flowered in the third year of the experiment under natural conditions (Table 1) , and seed production of control plants in 2004 decreased to half of that in 2003 (Fig. 2B) . This is because ovule number per flower decreased as a result of repeated flowering, indicating a reduction of resource availability for flower production. There is a positive correlation between ovule number and total flower mass in this species (r ¼ 0 . 78; our unpubl. data). Because total size of control plants increased throughout the experimental period as mentioned before, A. ramosa may have a conservative strategy in terms of survival and vegetative growth over sexual reproduction.
As already discussed, seed production of a perennial spring ephemeral herb, Trillium grandiforum, was supported by current photosynthetic products from the leaves, and resource allocation to current reproduction was achieved at the expense of allocation to storage (Lubbers and Lechowicz, 1989) . By contrast, only a small amount of current photosynthetic products was used for current reproduction in A. ramosa even when photosynthesis by fruits was restricted. Furthermore, the compensative support for seed production by below-ground storage was insufficient when carbon assimilation by fruits was restricted, as suggested by the fact that fruit shading significantly decreased seed production. Nevertheless, A. ramosa shows consistently high seed production under natural conditions (Kudo et al., 2004) . This consistently high seed-set ability may be accomplished by: (1) the heliotropic warming of flowers, by which plants can attract pollinators and warm reproductive organs under cool conditions (Kudo, 1995) ; (2) moderate selfing ability without pollinator visits (Kudo, 1995) ; (3) rapid reproduction under bright conditions before canopy closure; (4) developed storage function of below-ground parts; and (5) photosynthesis by fruits. It has been shown that the heliotropism of A. ramosa contributes significantly not only to pollinator attraction but also to fruit development after fertilization (Kudo, 1995) . This means that the sun tracking behaviour of the flowers and young fruits accelerates photosynthetic activity of the reproductive organ, resulting in a decreasing cost of reproduction.
For spring ephemerals growing under high-light conditions before canopy closure, low temperature is the most limiting factor, which causes low pollinator activity, low metabolism and slow growth (Schemske et al., 1978; McKenna and Houle, 2000; Kudo et al., 2004) . Adonis ramosa can attain consistently high reproductive output with small cost of reproduction due to the maximal use of the short bright season. However, life-history traits of spring ephemerals vary (e.g. Kawano, 1985; Motten, 1986) , and different trade-off relationships between current reproduction and other life-history traits are expected (e.g. Lubbers and Lechowicz, 1989) . This may cause various patterns of reproductive behaviour among co-existing spring ephemeral species.
